Introduction
============

DNA biosensors have become an important research area during the past several years \[[@b1-sensors-04-00071]-[@b6-sensors-04-00071]\]. Various techniques, aiming at fast detecting the hybridization between a probe DNA and a target DNA, have been developed \[[@b7-sensors-04-00071]-[@b9-sensors-04-00071]\]. Among them, electrochemical biosensors \[[@b10-sensors-04-00071],[@b11-sensors-04-00071]\], which combine the analytical ability of electrochemical methods with the specificity of the biological recognition process, have received considerable attention. In electrochemical DNA sensors, DNA hybridization is introduced to the electrode surface and detected with an electroactive indicator. These methods rely on the immobilization of an ssDNA probe on the electrode surface. Several methods for the immobilization have been used in the preparation of DNA sensors, including chemical adsorption \[[@b12-sensors-04-00071],[@b13-sensors-04-00071]\] and covalent bonding \[[@b14-sensors-04-00071]-[@b16-sensors-04-00071]\]. Recently, new immobilization techniques such as avidin-biotin system \[[@b17-sensors-04-00071]\] and chitosan-modified electrode \[[@b18-sensors-04-00071]\], and covalent binding through molecular self-assembly \[[@b19-sensors-04-00071]\] have become a popular method, due to its simplicity, versatility, high level of orientation and the prevention of the nonspecific adsorption of long DNA chain on the electrode surface. By the molecular self-assembly, ssDNA can be covalently immobilized on the molecular self-assembled modified electrode. The self-assembled monolayer (SAM) modified electrode establishes a stable, highly dense and orientable ssDNA modified monolayer, which can be used for molecular recognition. Millan and Mikkelsen \[[@b20-sensors-04-00071]\] described a sequence-selective biosensor using a DNA-modified SAM glassy carbon electrode with water-soluble carbodiimide (EDC) and N-hydroxysuccinimide (NHS) as coupling reagent and Co(pby)~3~^3+^ as electroactive hybridization indicator. Hashimoto et al. \[[@b21-sensors-04-00071]\] reported that a 20-mer ssDNA was immobilized on a gold electrode at a site of 5′ end through a mercaptohexyl group and got a higher sensitive sequence-specific DNA electrochemical sensor. In this paper, the native yeast ssDNA was immobilized on a 2-mercaptoethylamine SAM modified gold electrode surface by covalent binding with the help of water-soluble EDC. This method to immobilize ssDNA is relatively convenient and avoids the chemical derivatization of DNA, which is tedious, time-consuming and costly. The 2-mercaptoethylamine SAM serves the dual functions of removing the non-specifically absorbed DNA from the gold and orientating the end point immobilized DNA.

The electroactive indicators used in DNA hybridization sensors generally include two kinds: metal complexes such as Os \[[@b22-sensors-04-00071]\], Ru \[[@b23-sensors-04-00071]\] and Co \[[@b24-sensors-04-00071]\] complexes with aromatic ligands and organic compounds such as Hoechst 33258 \[[@b25-sensors-04-00071]\], acridine dyes \[[@b26-sensors-04-00071]\] and methylene blue \[[@b27-sensors-04-00071]\]. This paper work uses the ferrocenium cation (Fc^+^) to achieve the electrochemical transduction of DNA hybridization at a gold electrode surface. Fc^+^ is a cation of the Fe complex with two cyclopentadiene ligands. Fang\'s group \[[@b28-sensors-04-00071],[@b29-sensors-04-00071]\] has reported a DNA hybridization biosensor using ferrocene derivatives to label the DNA chain. In our experiment, Fc^+^ is used directly as the electrochemical indicator, which avoids the tedious procedures to synthesize the derivatives, to label the derivatives to the DNA chain and to separate the product. Fc^+^ interacts with yeast ssDNA and dsDNA in different ways and shows different voltammetric signals, indicating that Fc^+^ is a propriety indicator. The Fc^+^ interacts with the dsDNA in solution by a groove-binding model and the dsDNA immobilized electrode surface in a model-containing electrostatic binding. A sequence-selective DNA biosensor was developed based on a yeast ssDNA-2-mercaptoethylamine SAM modified gold electrode prepared with water-soluble EDC as coupling reagent and Fc^+^ as electroactive indicator.

Experimental
============

Reagents and materials
----------------------

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, Schuchardt), tris-(hydroxymethyl)aminomethane (Tris, Sigma), 2-mercaptoethylamine (Sigma), and ferrocemium hexafluorophophate (FcPF~6~, Aldrich) were used without further purification. Yeast DNA (1.35×10^7^ base pairs, Shanghai Changyang Pharmaceutical Factory) and calf thymus DNA (Sigma) were used as received. Yeast DNA solution (ca. 7.45×10^-5^ M in nucleotide phosphate) containing 50 mM NaCl and 5 mM Tris at pH 7.1 gave an A~260~ / A~280~ (absorbance at 260 and 280 nm, respectively) ratio of 1.9, which indicated that the DNA was sufficiently pure. The denatured ssDNA was obtained by heating native dsDNA in a 100 °C water bath for 10 min and then rapidly cooling in an ice-water bath. Other reagents were commercially available and were of analytical grade. Double-distilled water was used in all experiments.

Preparation of DNA sensors
--------------------------

Gold electrodes were prepared by sealing polycrystalline gold wires (\>99.99%) in soft glass tubes. The gold electrodes were abraded with finer grades of SiC paper and polished to a mirror-like surface with 0.3 and 0.05 μm alumina suspension. After dipped into HNO~3~ (1:1) for 30 min, the electrode was washed with water and then, cleaned ultrasonically for 2 min. The self-assembled monolayer of 2-mercaptoethylamine named as SAM/Au, shown in [Fig. 1](#f1-sensors-04-00071){ref-type="fig"}, was firstly prepared by soaking a freshly treated electrode in 5 mL 5.0 mmol/L solution of 2-mercaptoethylamine for 10-12 h at 25 °C. The obtained electrode was thoroughly washed with ethanol and water to remove the physically adsorbed 2-mercaptoethylamine, and was dried in air.

The SAM/Au electrode was incubated in TE buffer solution (10 mM Tris + 1.0 mM EDTA, pH 8.0) containing 10 mM EDC and 1.0 mg mL^-1^ yeast ssDNA for 3 h at 25 °C. After it was washed with washing solution (0.4 M NaOH + 0.25% SDS, 40 °C) for 5 min, an ssDNA-modified electrode (ssDNA/SAM/Au) was obtained.

The ssDNA/SAM/Au was further hybridized with 1.0 mg mL^-1^ cDNA (the same heat-denatured yeast ssDNA) in 2×SSC buffer (0.3 M NaCl + 30 mM sodium citrate solution, pH 7.0) with stirring for 1 h at 50 °C and then cooling gradually to room temperature. These treatments allowed the specific sequence cDNA to hybridize with immobilized ssDNA to form dsDNA on the surface of gold electrode (dsDNA/SAM/Au). The obtained dsDNA modified electrode was washed with water and stored at 4 °C in the TE buffer solution. The procedure of ssDNA immobilization on the gold electrode and hybridization with cDNA was shown in [Fig. 1](#f1-sensors-04-00071){ref-type="fig"}.

The control experiments of ssDNA immobilization were performed with the above-mentioned process without EDC in the solution. Besides complementary yeast ssDNA, the ssDNA/SAM/Au was hybridized with the heat-denatured calf thymus ssDNA as control.

Apparatus and measurements
--------------------------

Electrochemical experiments were carried out with a BAS-100B electrochemical analyzer (BAS Inc, USA) and a standard three-electrode system comprising a modified gold electrode with a diameter of 0.5 mm as working electrode, a Ag/AgCl (3 M NaCl) electrode as reference electrode and a platinum wire as counter electrode. Unless otherwise stated, all cyclic voltammetric experiments were performed in 10 mM Tris + 1.0 mM EDTA buffer (pH 8.0) in a 10 mL electrochemical cell at 200 mV s^-1^ at 25 °C. UV spectra were recorded on a UV-3100 spectrophotometer (Japan).

The double-layer capacitance of each electrode was measured using cyclic voltammetry in 1.0 M KNO~3~ between + 0.4 V and + 0.6 V. The charging current at +500 mV was recorded and was plotted versus scan rate (\<100 mV s^-1^). The slope of the plot was the apparent double-layer capacitance. The real area of the gold electrodes was calculated from the cyclic voltammograms in 0.10 M H~2~SO~4~ between 0 and +1.5 V by integration of the cathodic peak during the reduction of the superficial gold oxide. The charge of 0.386 mC/cm^2^ is accepted as the charge necessary to form Au~2~O~3~ \[[@b30-sensors-04-00071]\].

Results and Discussion
======================

Interaction between Fc^+^ and yeast ssDNA or dsDNA
--------------------------------------------------

The cyclic voltammogram of 4.0×10^-4^ M FcPF~6~ at 200 mV s^-1^ showed a couple of redox peaks at +164 and +262 mV, respectively (curve A in [Fig. 2](#f2-sensors-04-00071){ref-type="fig"}). Upon addition of 0.5 mg ml^-1^ ssDNA or dsDNA, the cathodic peak current of Fc^+^ decreased by 15.8% and 42.1%, respectively, as shown in [Table 1](#t1-sensors-04-00071){ref-type="table"}. The decrease in the peak current resulted from the decrease of the free Fc^+^ concentration due to the formation of Fc^+^-ssDNA or Fc^+^-dsDNA and the lower diffusion coefficients of Fc^+^-ssDNA and Fc^+^-dsDNA than the free Fc^+^. Much greater decrease in the peak current upon addition of dsDNA indicated that dsDNA processed higher affinity to Fc^+^ than ssDNA.

After the self-assembled monolayer of 2-mercaptoethylamine was formed on the gold electrode, the couple of redox peaks decreased. The cathodic peak current decreased by 26.3% (curve B in [Fig. 2](#f2-sensors-04-00071){ref-type="fig"}), indicative of the hindrance of the monolayer to the diffusion of Fc^+^ molecules to the electrode surface in the electrode process. However, the peak currents increased again after the monolayer was derivatized with yeast ssDNA in the presence of water-soluble EDC as coupling reagent.

The increase in peak current resulted from the interaction of immobilized ssDNA with Fc^+^ species, which made more Fc^+^ species be reduced at the electrode surface. The cyclic voltammetric data were listed in [Table 2](#t2-sensors-04-00071){ref-type="table"}. At dsDNA/SAM/Au, the peak currents increased further ([Fig. 3](#f3-sensors-04-00071){ref-type="fig"}), thus, the immobilized dsDNA also processed a higher affinity to Fc^+^ than the immobilized ssDNA.

Adsorption constants of Fc^+^ at ssDNA and dsDNA modified gold electrodes
-------------------------------------------------------------------------

The cyclic voltammograms of Fc^+^ at different concentrations at the ssDNA/Au electrode were shown in [Fig. 4](#f4-sensors-04-00071){ref-type="fig"}. With an increasing Fc^+^ concentration, the peak current increased and then trended towards a maximum value. The plot of the peak current vs. FcPF~6~ concentration showed an expected shape of Langmuir adsorption (inset in [Fig. 4](#f4-sensors-04-00071){ref-type="fig"}).

Similarly, the cyclic voltammogram of Fc^+^ at the dsDNA/Au electrode showed the same behavior. Thus, the adsorption thermodynamics followed the equation: $$\frac{c}{i_{pc}} = \frac{1}{Ki_{pc,\max}} + \frac{c}{i_{pc,\max}}$$

where *i*~pc,max~ and *K* is the maximum cathodic peak current and the adsorption constant of Fc^+^ at ssDNA/SAM/Au or dsDNA/SAM/Au, respectively. From the slope and intercept of plot of *c*/*i*~pc~ vs. *c*, the adsorption constant, *K*, can be obtained. The adsorption constants of Fc^+^ at the ssDNA/SAM/Au and dsDNA/SAM/Au electrodes were calculated to be (3.38±0.04)×10^3^ M^-1^ and (2.02±0.02)×10^4^ M^-1^, respectively. The adsorption constant of Fc^+^ at the dsDNA / SAM / Au electrode was about six times that at ssDNA / SAM / Au electrode due to its stronger affinity to Fc^+^. The different adsorption constants of Fc^+^ at ssDNA/Au and dsDNA/Au indicated that the complex of Fc^+^ with dsDNA was more stable than that with ssDNA, which might result from the different interaction modes for the formation of Fc^+^-ssDNA and Fc^+^-dsDNA.

Supermolecular interaction model of Fc^+^ with yeast DNA
--------------------------------------------------------

Generally, small molecules are bound to the DNA double helix by three binding modes: electrostatic binding, groove binding and intercalative binding. One accepted point is that small molecules have some extent selectivity when binding with DNA by the latter two modes. The electrostatic binding is the only model by which small molecules can interact with both ssDNA and dsDNA. The binding properties depend on the steric structures and charge of small molecules. In general, planarity is suggested to be the most important feature needed for efficient intercalators. Fc^+^ is a three-dimensional compound with cyclopentadienyl as ligand, which linked to Fe^3+^ through six π electrons. Its thickness is relatively large and the inner distance between two rings is 0.336 nm, while the distance between two base pairs is only 0.34 nm in the DNA double helix. Therefore, Fc^+^ cannot intercalate into the DNA double helix. However, Fc^+^ has a conjugated system and may interact with dsDNA in a supermolecular way along the grooves of dsDNA by π-electron conjugation.

The UV spectra of FcPF~6~ at different concentrations of dsDNA are shown in [Fig. 5](#f5-sensors-04-00071){ref-type="fig"}. The maximum absorption intensity of FcPF~6~ decreased upon addition of dsDNA, while the maximum absorption wavelength of 619 nm did not change. In other words, no red shift was observed. This phenomenon excluded the probability of intercalative binding of Fc^+^ with dsDNA, because the decrease of the maximum absorption intensity and red shift of its wavelength are two notable characters of the UV spectrum when small molecules intercalate into the DNA double helix.

The ionic strength of solution influences the electrostatic interaction between small molecules and the phosphate framework of DNA, which makes the peak potential or formal potential of the small molecule change greatly. The effect of ionic strength on the formal potential of Fc^+^ is shown in [Fig. 6](#f6-sensors-04-00071){ref-type="fig"}. The ionic strength was changed by adding NaCl into pH 8.0 buffer containing 10 mM Tris, 1.0 mM EDTA, 0.4 mM M FcPF~6~ and 0.5 mg ml^-1^ dsDNA. With an increasing NaCl concentration, the formal potential of Fc^+^ was retained at 216±1 m V, which was the same as that of Fc^+^ at a bare gold electrode. Thus, the electrostatic interaction model between Fc^+^ and dsDNA in solution could also be excluded, and it could be concluded that the interaction model between Fc^+^ and dsDNA in solution might be a groove binding. The peak potential is supposed to have a positive shift when electroactive molecules intercalate into the DNA helix immobilized on an electrode surface, while a distinct negative shift can be observed when electrostatic binding happens \[[@b31-sensors-04-00071]-[@b33-sensors-04-00071]\]. As shown in [Table 2](#t2-sensors-04-00071){ref-type="table"}, there was a negative shift of -65 mV during the interaction between Fc^+^ and ssDNA/SAM/Au, while the value was -86 mV at the dsDNA/SAM/Au. Furthermore, both peaks or formal potentials of Fc^+^ at these electrodes depended on the ionic strength. With increasing ionic strength, the cathodic peaks shifted to a more negative potential, indicative of a prevention to the reduction of Fc^+^ and the interaction between Fc^+^ and the immobilized ssDNA or dsDNA due to the adsorption of Na^+^. Thus, the interaction between Fc^+^ and the immobilized ssDNA or dsDNA was mainly an electrostatic mechanism. At the same time, Fc^+^ might be aggregated at the dsDNA/SAM/Au in close contact along the groove of the DNA double helix, as that observed in solution.

Double-layer capacitance at electrode interface
-----------------------------------------------

The double-layer capacitances were determined with cyclic voltammetry. The cyclic voltammograms of these electrodes between +0.40 and +0.60 V were recorded in a 1.0 mol/L KNO~3~ solution. The charging current densities (*j~c~*) were measured at +0.50 V at different scan rates (*v*\<100 mV s^-1^). The slope of plot of *j~c~ vs. v* is the double-layer capacitance. The values of the obtained double-layer capacitances at a bare Au, SAM/Au and ssDNA/SAM/Au electrodes were 15.8, 4.2 and 37.8 μF cm^-2^, respectively. The double-layer capacitance at SAM/Au was lower than that at bare Au electrode due to a low dielectric constant of the monolayer. The ssDNA/SAM/Au electrode showed a higher double-layer capacitance than both bare Au and SAM/Au electrodes due to the presence of lots of charged groups in the phosphate framework of DNA. This result indicated that ssDNA had been immobilized on the electrode surface by the phosphoramidate bond between the 5\'-terminal phosphate group of ssDNA and the amine group of the 2-mercaptoethylamine monolayer in presence of EDC.

Electrochemical response of the DNA sensor
------------------------------------------

[Fig. 2](#f2-sensors-04-00071){ref-type="fig"} shows the cyclic voltammogram of 0.4 mM FcPF~6~ at the SAM/Au electrode at 200 mV s^-1^. The peak-to-peak separation was about 98 m V. The peak currents were proportional to the scan rate. The plot of log *i*~p~ *vs.* log *v* gave a slope of 0.50, showing a diffusion-controlled electrode process. After the monolayer was derivatized with yeast ssDNA in the presence of water-soluble EDC to produce the ssDNA/SAM/Au electrode, the cathodic peak current of Fc^+^ increased by 21.4% ([Fig. 3](#f3-sensors-04-00071){ref-type="fig"}). As control, when the SAM/Au electrode was treated with the same ssDNA solution without presence of EDC, the cyclic voltammogram gave no significant change in both peak current and potential. The peak current increase of Fc^+^ at the ssDNA/SAM/Au electrode was due to the change of the electrode process. The plot of log *i*~p~ *vs.* log *v* displayed a slope of 0.56 that resulted from the participation of adsorbed Fc^+^ in the reaction process. The adsorption of Fc^+^ at the ssDNA/SAM/Au electrode came from the supermolecular interaction of Fc^+^ with the immobilized yeast ssDNA.

After the ssDNA/SAM/Au electrode was hybridized with cDNA in the hybridization buffer solution to form dsDNA/SAM/Au, the cyclic voltammogram of Fc^+^ showed a cathodic peak current increase of 94.1% when compared with that at ssDNA/SAM/Au. In comparison with that at the SAM/Au, the cathodic peak current increased by 136%, indicating that more Fc^+^ species were reduced at the electrode surface due to a higher affinity of dsDNA/SAM/Au to Fc^+^ than ssDNA/SAM/Au. The plot of log*i*~p~ *vs.* log *v* at the dsDNA/SAM/Au electrode gave a slope of 0.91, near to the theoretical value of 1 for a surface-controlled electrode process. Thus, upon hybridization more Fc^+^ species were bound to the surface by both electrostatic and groove bindings with the immobilized dsDNA. The electrode reaction was mainly surface-controlled.

As control, the ssDNA/SAM/Au electrode was incubated in buffer solution containing calf thymus ssDNA (with the different sequence from yeast DNA). After the same treatment process as that of hybridization, the cyclic voltammogram of Fc^+^ at the treated electrode gave the redox peak currents and potentials similar to those at the ssDNA/SAM/Au before incubated, though a change of the charge current was observed due to the heating treatment. Thus, the contribution of nonspecific binding of calf thymus ssDNA and hybridization of immobilized yeast ssDNA with calf thymus ssDNA during the treatment process could be ignored. These results provided a method to recognize the hybridization of yeast ssDNA and to produce a kind of efficient DNA biosensor for the sequence detection of complementary yeast DNA.

Conclusions
===========

The device described in this paper provides a simple method to recognize the complementary yeast DNA sequence, using Fc^+^ as an electroactive indicator based on the different affinity abilities of Fc^+^ with ssDNA and dsDNA. The interaction model of Fc^+^ with dsDNA in solution is a groove binding, while the model of Fc^+^ with immobilized dsDNA is mainly an electrostatic binding. This work uses native yeast DNA probes to prepare the DNA biosensor. The native probes are more liable to be acquired than synthetic oligonucleotides, thus, the method is more convenient in the research field of biological genetics and clinical medicine. This kind of DNA biosensor has a strong potential to be used in the yeast species recognition and the quantitative analysis of specific-sequence yeast DNA. It would be a significant step towards a DNA microarray system and DNA chip technique.
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![Cyclic voltammograms of 0.4 mM FcPF~6~ at bare gold (A) and SAM/Au (B) electrodes at 200 mV s^-1^.](sensors-04-00071f2){#f2-sensors-04-00071}

![Cyclic voltammograms of 0.4 mM M FcPF~6~ at ssDNA/SAM/Au (A) and dsDNA/SAM/Au (B) electrodes at 200 mV s^-1^.](sensors-04-00071f3){#f3-sensors-04-00071}

![Cyclic voltammograms of 0.3, 0.4, 0.5, 0.6, 0.7 and 0.8 mM FcPF~6~ (from internal to external) at ssDNA/SAM/Au at 200 mV s^-1^. Inset: plot of *i*~pc~ *vs.* concentration of Fc^+^.](sensors-04-00071f4){#f4-sensors-04-00071}

![UV spectra of 0.5 mM M FcPF~6~ in different dsDNA concentrations of 0, 20, 40, 60, 80 and 100 μg ml^-1^ from (a) to (f).](sensors-04-00071f5){#f5-sensors-04-00071}

![Plot of *E^0\'^* of Fc^+^ measured at the bare gold electrode at 200 mV s^-1^ in presence of 0.5 mg ml^-1^ dsDNA vs *c~NaCl~*.](sensors-04-00071f6){#f6-sensors-04-00071}

###### 

Cathodic peak current of 0.4 mM FcPF~6~ at Au electrode upon addition of 0.5 mg ml^-1^ ssDNA or dsDNA.

  Solution          *i*~pc~ / μA   Decrease of *i*~pc~
  ----------------- -------------- ---------------------
  FcPF~6~           0.19±0.02      
  FcPF~6~ + ssDNA   0.16±0.01      15.8%
  FcPF~6~ + dsDNA   0.11±0.01      42.1%

###### 

Cyclic voltammetric data of 0.4 mM FcPF~6~ at Au, SAM/Au, ssDNA/SAM/Au and dsDNA/SAM/Au electrodes at 200 mV s^-1^.

  Electrodes     *i*~pc~ / μA   *E*~pc~ /mV   Increase of *i*~pc~ to prior step   *E*~pc~ change to SAM/Au /mV
  -------------- -------------- ------------- ----------------------------------- ------------------------------
  Au             0.19 ±0.02     +164                                              
  SAM/Au         0.14±0.01      +148                                              
  ssDNA/SAM/Au   0.17±0.02      +83           21.4%                               -65 mV
  dsDNA/SAM/Au   0.33±0.02      +60           94.1%                               -86 mV
